Abstract -Sunflower (Helianthus annuus L.) crop is often labelled as environmental-friendly for many objective reasons: limited amounts of N fertiliser, no irrigation, and limited use of pesticides. In addition, sunflower has a potential for providing multiple ecosystem services in diverse cropping systems (e.g. pollinators feeding). However agroecological innovations have been less developed or disseminated than for cereals or oilseed rape. Based on results from the sunflower research consortium in Toulouse (Mestries and Debaeke. 2016. Journées d'échanges Tournesol, 28 et 29 juin 2016, Toulouse (France)), we illustrate some innovating and promising approaches for more agroecological practices in sunflower cropping. Our results suggested that: integrated crop management could be proposed to limit the use of pesticides and mitigate crop damages; cover crops could be used as biofumigants to control soilborne diseases in sunflower; intercropping sunflower with soybean could be a valuable option for maximizing resource-use efficiency in low-input environments; sunflower yield could be maintained at good level in very low input cropping systems. Previous examples point out how agroecological principles could be applied to sunflower crop to improve its production in low-input conditions, and enhance the ecosystem services deliverable by this oilseed crop.
Introduction
Sunflower (Helianthus annuus L.) crop is often labelled as 'environmental-friendly' for many objective reasons (Blanchet, 1992; Ceccon et al., 2000; Pilorgé, 2010) . The crop requires a limited amount of N fertiliser (56 kg.ha À1 ) (Agreste, 2014) which makes it a low emitter of greenhouse gases (either directly or not) as compared to cereals and oilseed rape (BIO IS, 2010) . Generally grown as a rainfed crop (∼95% of sunflower-sown area in France is not irrigated), it needs only limited water amounts (∼50 mm) in the situations where supplemental irrigation is applied . Except herbicides, very few other pesticides (fungicides, insecticides) are sprayed over sunflower crops. Consequently the Treatment Frequency Index (TFI) is pretty low for sunflower compared to winter crops: 1.7 instead of 3.8 for wheat and 5.5 for oilseed rape (Agreste, 2013) . In addition, sunflower is grown worldwide as a non-genetically modified crop.
Average organic yield may reach up to 90% of conventional one in sunflower (Lieven and Wagner, 2012) . Therefore this crop is the main oilseed species grown in organic systems (15 000 ha in France) which still highlights its adaptation to ecological agriculture using no pesticides and no mineral fertiliser. Mechanical weed control is feasible as row widths are greater than 50 cm; even in conventional agriculture, mechanical weed control (hoeing) is practised in more than 40% of the fields. Generally, the energy balance of sunflower crop is relatively low but could be improved with reduced tillage. However, ploughing is still widely used as primary tillage (74% in 2011) because sunflower needs uncompacted soils for the establishment of its tap root system (Lecomte and Longueval, 2013) .
As was stated by several authors, sunflower has a potential for providing multiple ecosystem services in diverse cropping systems (Jones and Sieving, 2006; Franco et al., 2016) . The crop is a crucial source of pollen and nectar in early summer for the activity of pollinators especially honeybees (Delaplane and Mayer, 2000) . Its contribution to the aesthetic value of landscape should be highlighted although this service looks difficult to evaluate properly. In the present and future context of climate change and variability, where more severe and more frequent droughts are expected in southern France, sunflower cropping offers a wide range of options for adaptation .
Although sunflower crop is considered by farmers as cheap, rustical (tolerant to water stress) and easy to manage, and constitutes a favourable preceeding crop for cereals (Lecomte and Nolot, 2011) , it suffers from its low productivity due to a range of limiting factors (birds, fungal diseases, low and uneven plant population..) (Jouffret et al., 2011) . Consequently, cultivated areas are stagnating or decreasing and the ecosystem services that are provided by the crop do not compensate for its lack of competitiveness. As a late springsown crop, sunflower could break winter crop rotations with benefits for the non chemical control of weeds and soil-borne diseases in cereals and oilseed rape. However it should not be grown too frequently as currently done in the traditional production basins (e.g. Occitanie region) in order to prevent the setting up of fungal diseases inoculum and maintain the sustainability of sunflower-based cropping systems.
Agroecology is based on several principles including the use of intra-field and intra-farm diversity in space and time in order to increase resource-use efficiency and resilience through variety and crop mixtures, cover crops, diversified crop rotations, and agroforestry among others (Altieri and Rosset, 1995; Duru et al., 2015) . The substitution of pesticides by cultural and genetic control is also a basic component of agroecology. Conservation agriculture based on minimum soil disturbance, retention of crop residues, continuous soil covering with cash or service crops or organic mulch, diversified crop rotations and plurispecific stands is also suggested as an additional component of agroecological systems (Brouder and Gomez-Macpherson, 2014; Craheix et al., 2016) .
Although sunflower owns the features of an ecological crop, agroecological innovations applied to this crop have not been extensively reported in the literature, probably because sunflower is a relatively minor field crop mainly grown in drought-prone areas or still under low-input management. In such situations, the motivation and opportunity to change current practices and adopt substitutive ones are less developed. In addition, as crop environmental impacts are limited and the application of pesticides reduced, agroecology was probably not identified as a priority. However, some specific traits of sunflower plants could facilitate the application of agroecological principles in crop management: e.g. morphological plasticity, stress tolerance and pollen production. The benefits of sunflower in nutrient cycling could also be mentioned, as the deep root system can absorb water and nutrients in the deeper layers of the soil (Connor and Hall, 1997; Angadi and Entz, 2002) and the fast degradation of cultural debris can deliver these nutrients rapidly into the later crop (Rodriguez-Lizana et al., 2010; Babu et al., 2014) .
Based on results from the sunflower research Inra-Terres Inovia consortium in Toulouse (Mestries and Debaeke, 2016) , we will illustrate some innovating and promising approaches for some more agroecological practices in sunflower cropping. Following results will show that (i) integrated crop management could be proposed to limit the use of pesticides and mitigate crop damages; (ii) cover crops (Brassicas) could be used as biofumigants to control soilborne diseases in sunflower; (iii) intercropping sunflower with soybean is an option for maximizing resource-use efficiency in low-input environments; (iv) sunflower yield is maintained at good level in very low input cropping systems.
2 Cultural control to reduce the use of pesticides and face technical impasses in fungal disease management
Main fungal diseases in sunflower
The main fungal diseases of sunflower crop in France are black stem disease (Phoma macdonaldii), downy mildew (Plasmopara halstedii), Phomopsis stem canker (Phomopsis helianthi), white mold (Sclerotinia sclerotiorum) and verticillium wilt (Verticillium dahliae).
Each year, the incidence of each disease varies at territorial level -see for example in southwestern France as illustrated in Figure 1 (Chambre d'agriculture Occitanie, 2016) -and at plot level, with different proportions of plants affected by each of the fungi. Moreover, a high variability in fungi populations may be observed, for example concerning downy mildew with numerous pathotypes (Ahmed et al., 2012) .
The main biological and ecological characteristics of these fungi reveal a high variability in terms of inoculum survival time, endocyclism level, climatic requirements and host genetic resistance. The occurrence (incidence) and development (severity) of a disease result from complex interactions between a pathogen, a host plant and their common biophysical and biological environment defined by soil, climate and crop management. Some interactions between fungi (e.g. phomopsis and phoma) may also impact the expression of the diseases at plant level.
Reducing the harmfulness of disease attacks on a plot in a given year is the main objective of crop protection. But reducing injuries (sporulating lesions), even in the absence of detrimental effects on annual crop production, is a way to reduce the production of primary inoculum and thus future epidemics. Therefore, the reasoning of disease control methods must consider both temporal and spatial dimensions as soon as the fungus is able to spread widely.
To avoid (or at least limit) the crop injuries (symptoms) and damages (losses of yield and quality of the harvest), farmers have three possible control strategies to trigger (Delos et al., 2004; Attoumani-Ronceux et al., 2010) :
-prevent the disease risk (prophylactic methods), -avoid the contamination when inoculum is still present, -mitigate crop injuries and damages after infection.
The methods for cryptogamic diseases control are divided into five types: -genetic control (through the choice of tolerant/resistant varieties); -physical control (e.g. fumigation); -chemical control (by the use of fungicides); -biological control (e.g. Coniothyrium minitans against sclerotinia); -cultural control (Aubertot et al., 2005) .
These effects on sunflower diseases are presented in Table 1 .
During the two previous decades, genetic control made a lot of progress for controlling sunflower diseases (Vear, 2016) ; nowadays, it is surely the most efficient, practical and repeatable method to control most of the diseases but breeders have to deal with new virulences that overcome specific resistance genes in farmers plots (e.g. downy mildew) and very polygenic resistances (e.g. phoma and sclerotinia). The second main method used by farmers is chemical control but only few active ingredients with preventive mode of action are available (one against downy mildew, two against phomopsis/phoma) and their efficiency is lost or insufficient. In addition, French agriculture is targetting a 50% pesticide use reduction at 2025 time horizon (Ecophyto-II national plan).
In order to decrease the application of pesticides, for environmental and public health concerns, and to preserve the sustainability of genetic resistance, agronomic control should 
þ: efficacy level of the method; À: no method available.
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be more practised in crop protection programs (Sackston, 1992) . For that, the interactions between the pathogen, its host plant, the biophysical and biological environment and crop management must be dissected and modelled in a comprehensive system approach (Desanlis et al., 2013) . Several axes have been developed within the French research consortium on sunflower established in Toulouse ten years ago (Debaeke et al., 2014; Mestries et al., 2015; Mestries and Debaeke, 2016; Seassau et al., 2016) : -produce knowledge and tools useful for breeders' work, such as methods of plant phenotyping, understanding of the genetic resistance of sunflower and its drivers (QTL, expressed genes) and the structure of fungi populations (diversity, pathotypes, effectors of pathogenicity, genome); -model primary inoculum production for a better forecast of the risk of attacks; -estimate the effects of the cultural practices on the incidence and the severity of the diseases and take into account the interactions between the environment, the cropping system, the cultural practices, the variety and the populations of pathogenic fungi at the spatial and temporal scales in order to develop decision-making tools for advisers and farmers.
Modeling the effect of crop management on Phomopsis stem canker incidence and severity
Among the results recently compiled by Mestries and Debaeke (2016) , those relative to the agronomic control of Phomopsis stem canker significantly illustrated this integrative approach (Fig. 2) .
In order to represent in an integrated way the response of a sunflower variety exposed to the entire pathogenic fungi complex, two complementary modeling avenues were explored: -a mechanistic and dynamic approach, based on the coupling of epidemiological models with the processbased SUNFLO crop model developed by Casadebaig et al. (2011) . This way requires detailed knowledge on the lifes cycles of the pathogens and their interactions with their host (earliness, plant architecture, leaf area development and senescence dynamics, genetic resistance,...) and their environment (climate, soil, cultural practices).
Theoretically, such a model can simulate the harmfulness of the disease for a wide range of environments; -a qualitative approach, with no explicite representation of the biological processes, hence less demanding in detailed knowledge, but gathering literature and expertise extensively, but only focused on the prediction of symptoms and not yield loss. This approach, proposed by Aubertot and Robin (2013) , is based on the IPSIM (Injury Profile SIMulator) platform, and results in the development of a family of qualitative aggregative models. The method allows to roughly simulate the effects of agricultural practices (residue management, varietal choice, fungicide control,...) and of the production situation (soil, climate and environment of the plot) on the risk of damage caused by a complex of the main bio-aggressors (diseases, pests, weeds). These two modeling options both allow to represent the interactions between the pathogens composing the parasitic complex of the sunflower while complementing each other. Then, the structure of the mechanistic model "SUNFLO_ Maladies" integrating phomopsis and phoma epidemiological process made it possible to produce knowledge useful for the design of the IPSIM models for these two diseases such as thresholds of LAI (leaf area index) at different phenological stages favorable or not to the infections. Reciprocally, the IPSIM approach allows integrating elements not taken into account in the "SUNFLO_Maladies" model. In addition, these two models use the SUNFLO model to predict the LAI level according to cropping practices (date and density of sowing, soil residual nitrogen and N fertilisation, irrigation), soil (deep or shallow) and climate (dryness or wetness for each major phase of the cycle). Their respective predictive qualities can be characterized in parallel on independent data sets. Similarly, the output variables of "SUNFLO_Maladies" are grain yield and oil content in the presence of disease, which IPSIM_Sunflower cannot predict. On the other hand, one can imagine a variety of output variables for IPSIM_Sunflower, other than the simple incidence of the disease: a combination of incidence and severity rates (e.g. for black stem disease: percentage of plants with necrosis below or above 1/3 of plant height), the amount of primary inoculum, the appearance of a new pathotype of downy mildew, etc...
These two types of models will allow developing tools to help design integrated crop protection/production strategies accessible to different users: scientists and engineers for the finer "SUNFLO_Maladies" model, or consultants and technicians for the easier to use and more accessible IPSIM_ Sunflower tool which is also of direct interest for education and training.
The tools for designing and assessing cultural practices for integrated sunflower production will be useful (i) upstream for breeders in the search of varietal ideotypes and (ii) downstream for advisers involved in variety testing and technical recommendations. They will also contribute to the analysis of the impact of climate change on sunflower production and the disease complex as a first step for the identification of adaptation strategies .
The sound association of cultural, genetic, chemical and biological control methods is the key for an effective, integrated and sustainable control of sunflower diseases, which constitutes one central pillar of agroecology.
Controlling Verticillium wilt by biofumigation with cover crops
In France, since 2010, sunflower has been severely affected by Verticillium dahliae Kleb., a vascular wilt soilborne fungus causing significant damage up to 30% yield loss (Mestries and Lecomte, 2012) . Since the prohibition of effective but harmful chemical fumigants as methyl bromide, biofumigation could be an agroecological technique to manage soilborne pathogens like V. dahliae in sunflower crops. This process involves growing a Brassica crop during the intercrop period and then grinding it up and incorporating the residues into the soil. Currently, verticillium wilt is difficult to control because the pathogen can survive in the soil as microsclerotia (MS) for more than 10 years even in the absence of a suitable host (Griffiths, 1970; Bruehl, 1987) . Thus, MS are regarded as the primary targets to control the disease. Studies have mainly investigated the potential of glucosinolates (GSLs) containing Brassica cover crops for suppression of V. dahlia (Manici et al., 1997; Sarwar et al., 1998; Smith and Kirkegaard, 2002; Larkin and Griffin, 2007; Neubauer et al., 2014) and the role of isothiocyanates (ITC) related to biofumigation often cannot be interpreted because no information is provided on the type or the concentration of GSLs which vary greatly within Brassica species, plant tissues and cultivars (Mithen, 1992; Kirkegaard et al., 1998) .
A preliminary study evaluated in vitro the potential biofumigation effects of five species of Brassica for their ability to reduce the development and the germination of MS of an aggressive strain of V. dahlia on sunflower. Cultivars of white mustard cv. Abraham, brown mustard cv. Etamine, leafy turnip cv. Avalon, forage rape cv. Mosa and oilseed radish cv. Anaconda were selected by their contrasting GSL side-chain profile and concentration in shoot and root tissues (Tab. 2). The GSL profiles of white mustard and forage rape had significant aromatic GSLs with main concentration of sinalbin in shoots and gluconasturtiin in roots respectively. The brown mustard GSLs profiles were dominated by aliphatic GSL (sinigrin) in shoots and oil seed radish by indole GSL (unknown indole 16.3) in roots. The GSLs profile of the leafy turnip biomass was more diverse including appreciable concentrations of aliphatic GSL (glucobrassicanapin), aromatic GSL (gluconasturtiin) and indole GSL (neoglucobrassicin) mainly in root biomass. To evaluate the potential toxicity of ITCs-GSLs on V. dahlia, MS and 10 days developed V. dahliae on growing media were exposed for 20 days to volatile compounds released by fresh or freeze ground plant tissues of root, shoot or a mix of the biomass in jars with an equivalent of 2t of dry matter/ha (quantity of biomass usually incorporated in the field). The toxicity of ITCsGSLs on V. dahlia, assessed by the area under fungus progress curve (AUDPC) relating its development on the media, was reduced by 63 to 90% per Brassica compared to the control in absence of tissues (Fig. 3a, b) . From developed fungus, brown mustard and leafy turnip were the most effective to reduce mycelial growth of V. dahliae (Fig. 3a) . From MS, leafy turnip, oilseed radish and brown mustard were the most effective to limit MS germination (Fig. 3b) .
The toxicity of biological compounds induced by the grinded biomass and ITC-liberating GSLs in the tissues of Brassica species towards V. dahliae was confirmed, which is in accordance with previous studies testing in vitro the toxicity of ITCs on soilborne fungi (Manici et al., 1997; Sarwar et al., 1998; Smith and Kirkegaard, 2002) . Volatile compounds released by grinded Brassica species showed that MS germination was significantly reduced, which has not been studied before. Thus, investigate biofumigation toward V. dahliae inoculum could be an interesting agroecological practice to potentially reduce sunflower contaminations in the field. However, it appeared important to consider the species and the cultivars of Brassica to grow. Inhibition of fungi germination and development by grinded cover crops containing (i) sinigrin (aliphatic-GSL) produced by brown mustard, (ii) unknown indole 16.3 (indole GSL) by oilseed radish or (iii) a wider diversity of GSLs like in leafy turnip showed superior effects compared with Brassica species containing aromatic GSLs.
The variation in toxicity of different GSLs-ITCs to the fungi suggests that it exists significant scope to enhance the biofumigation potential of brown mustard, oilseed radish or maybe
Topical Issue
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3 Sunflower-soybean intercropping to improve agronomic and economic performances by increasing natural resources use efficiency Intercropping (IC) is the simultaneous growing of two or more species in the same field for a significant period (Willey and Osiru, 1972) . This practice may look as old-fashioned but it could be considered as a way of ecological intensification providing ecosystem services. Indeed, intercropping allows the increase of natural resources use efficiency by positive interspecific interactions (e.g. Bedoussac et al., 2015) . Many studies on grain legume-cereal intercrops have shown advantages over the sole crops in low input systems such as the increase of the overall yield (sum of the species) and the grain protein concentration improvement of the cereal (e.g. Bedoussac et al., 2015) . In addition, intercropping warm-season crops constitutes a feasible alternative to promote hetero-geneity within-fields and therefore sustain biodiversity (weeds, B A Fig. 3 . Effect of grinded root and shoot Brassica biomass on Verticillium dahliae development and germination from microsclerotia on potato dextrose agar media measured by the area under the fungus development progress curve (AUDPC) from 10 days developed fungus (A) and a plug of microsclerotia (B) on media. No biomass was brought on control treatment. Different letters indicate significant differences between AUDPC (P < 0.05). n = 30 for each sample of Brassica. insects) in conventional cropping systems in temperate regions (de la Fuente et al., 2014) . Relatively few researches dealing with sunflower-soybean intercropping are available, mainly based on experiments in African, Asian and South American conditions (Olowe and Adebimpe, 2009; Shivaramu and Shivashankar, 1992; Calvino and Monzon, 2009; Miao et al., 2016) and mainly focusing on the agronomic functioning and efficiency (Echarte et al., 2011; Andrade et al., 2012) . These researches show that the land equivalent ratio (LER) À the surface needed in sole crops to produce the same yield as in the intercrop À was generally ranging from 1.2 to 1.6. This confirms the agronomical advantages of intercrops in comparison to sunflower and soybean sole crops. This can be interpreted as a better niche resource complementarity for nutrients and water, based on: (i) the ability of the legume to get the atmospheric N 2 thanks to its symbiotic fixation with more soil mineral nitrogen available per sunflower plant as positive consequence and (ii) the different exploration of soil layers by the two rooting systems, far deeper for sunflower (powerful tap root) than for soybean . Apart the analysis of ecological processes, it would be relevant to identify the most efficient row patterns of sunflower-soybean intercrops in order to improve resource use efficiency (e.g. nitrogen, water, light) and consequently to increase their agronomic performances (e.g. yield, oil concentration) and profitability.
Field experiments were performed in 2010 and 2011 both under low input rainfed conditions and non-limiting water and nitrogen availabilities in southwestern France (Inra ToulouseAuzeville) (Landé et al., 2012; Tribouillois et al., 2012) . Conversely to cereal-legume intercrops that are harvested together, the sunflower-soybean intercrops are harvested in two times, such as an early harvest for sunflower and a late one for the soybean. Then the spatial row design (strip intercrops) must be adapted according to (i) the combine harvester used, and ii) the width between sunflower rows which needs to take into account the distance between the wheels of the harvester in order not to destroy the soybean plants when harvesting the sunflower. According to that, different spatial designs were evaluated: (i) 2/2 design i.e. 2 adjacent rows of each species and (ii) 2/4 design i.e. 2 sunflower rows alternated with 4 soybean rows. It was assumed that the 2/2 design would be more favourable to the sunflower than the second one due to the competition for light, the sunflower being higher than soybean from flowering to harvest. The choice of cultivars is another factor that may affect the complementarity of the two species. In order to improve the temporal growth complementarity between species it was initially assumed that the best combination would consist in an early-maturing sunflower and a late-maturing soybean.
Our results clearly indicated that the best performances of sunflower-soybean strip intercrops were obtained in low-input conditions (low soil mineral-N content at sowing and no irrigation) where species complementarity is fully expressed (Landé et al., 2012; Tribouillois et al., 2012) . Conversely, when crops were conducted in high inputs conditions (fully irrigated and with high level of soil mineral-N content at sowing), the sole crops were found more efficient than intercrops (LER lower or equal to 1) (Fig. 4) . This result is explained by the strong interspecific competitions of sunflower on soybean in particular for light capture. Intercropped sunflower always presented a competitive advantage over the intercropped soybean leading to low soybean yields and this advantage was increased in the 2/2 design. The 2/4 design was the most efficient spatial design in order to re-equilibrate interspecific competitions and optimize natural resources use. As expected, intercropping the late soybean cultivar with the earliest sunflower resulted in the best overall performance. In that case, the overall yield was higher in intercrops than for the two sole crops averaged. The highest LER was 1.24, indicating a real potential of sunflower-soybean intercrop for yield production in rainfed conditions in our pedoclimatic conditions. As hypothesized, the N 2 fixation rate of the soybean was higher in the intercropped than in the sole crop due to the early uptake of mineral nitrogen by sunflower that forced the legume to fix more N 2 due to the competition for soil mineral-N.
The 2/4 design was found to be economically efficient in low-input conditions because its yield performance was high enough to compensate for the increase in input costs required by both crops. For the other treatments (2/2 design and high input systems), the gross margin was depressed due to higher input costs and low soybean grain yield. We estimated that a minimum of 12% to 16% of yield increase was required in intercrop to reach the same relative gross margin as in sole crops.
Our study confirms that sunflower-soybean strip intercrops can be more efficient than the sole crops when grown in lowinput conditions. This clearly emphasized that there are various possibilities for improving interspecific interactions and the use of abiotic resources within the growth cycle. Therefore, there is a potential in exploring earliness, aerial plant architecture of genotypes for both species, but also adapting intercrop row structure and management practices (Robinson, 1984; Andrade et al., 2012) . The risk of infection with pathogens common to both crops, such as Sclerotinia sclerotiorum, must be mentioned. If there is an epidemic in one crop, the other could be simultaneously affected, leading to an important loss to the farmer. To avoid this risk, fields where the risk of inoculum in the soil (sclerotia) is low should be selected in priority and crops susceptible to sclerotinia should not be planted less than once every 4 years (Debaeke et al., 2014) . Nevertheless, as sunflower-soybean intercropping is
Gross margin Fig. 4 . Grain yield and gross margin for sole crops (sunflower and soybean) and 2/2 and 2/4 sunflower-soybean intercrops: Inra Toulouse-Auzeville experiment (2010) recommended in situations with low soil nitrogen, developing sclerotinia in such conditions is rather scant.
Further research based on functional intercrop analysis and genotype-environment interactions under various conditions and with different sunflower and soybean genotypes is needed for optimizing interspecific complementarities between both species in intercrop. Other legumes (e.g. alfalfa, lentil, vetch..) could be intercropped also with sunflower (Kandel et al., 1997) to increase soil cover, reduce soil erosion, add nitrogen and organic matter to the soil, and control weeds.
Finally, the use of a soil-crop model relevant for intercrops and the simulation of economic and agronomic scenarii could provide complementary approaches to experiments and agronomic analysis which could help to fully assess these innovating practices and facilitate their transfer to farmers.
Sunflower response in different cropping systems differing by their degree of ecologization
The performances of sunflower were assessed in a longterm cropping system experiment located at Inra ToulouseAuzeville (Southwestern France) on a deep silty-clay to clay soil. The experiment started in 2003 with the evaluation of six prototypes of low-input cropping systems that were modified in 2011 after two cycles of a 3-year rotation (Fig. 5) . Each component of the crop rotation was present each year in order to avoid confusing effects between weather and crop sequence. From 2003 to 2010, the impacts of the insertion of grain legumes in a cereal-based rotation was evaluated (PlazaBonilla et al., 2017) . During a second phase (2011) (2012) (2013) (2014) (2015) (2016) , innovative prototypes with different levels of agroecological practices were tested, such as: (i) low-input production (BI) aiming at reducing the use of synthetic inputs and pesticide use by 50% if possible, (ii) production at very low level of synthetic inputs (TBI) where the use of all inputs (fertilisers, pesticides) was reduced by at least 50% according to Ecophyto plan, and (iii) production based on agroecological principles (AE) (only intercrops) with the objective to reduce synthetic inputs as much as possible, without using any chemical seed treatment. These three rotations included or not cover crops during the fallow period in order to reduce nitrate leaching and N gaseous losses (N 2 O, NH 3 ) and then recycle N at the beneficial of the main cash crops (durum wheat, sunflower, ...). The cover crops (CIMS) were also used to produce ecosystem services by substitution of chemical inputs. From 2016, a third phase will consider longer rotations. Intercropping and variety mixtures À for cash and cover crops À were used as a way of diversification and production of ecosystem services.
The 6 different prototypes based on 3-year rotations all included sunflower as a main component of regional cropping systems. Moreover, sunflower was cropped in three types of plant cover (i) mono-varietal (BI and BI_CIMS), (ii) varietal mixture of 4 cultivars (TBI and TBI_CIMS), and (iii) strip intercrop with soybean (AE and AE_CIMS) as previously described (Fig. 6) . Additionally, a 2-year sunflower-durum wheat rotation was introduced as the regional cropping system reference.
The main results issued from the second experiment (2010) (2011) (2012) (2013) (2014) (2015) (2016) highlighted that the yields of sunflower were relatively stable according to years despite the high weather variability (Fig. 6 ), indicating that this crop is quite robust and resilient. The higher yields were obtained for the TBI and TBI_CIMS prototypes compared to the conventional sunflower-wheat reference. Intercropping sunflower with soybean (AE and AE_CIMS) resulted in total yields equivalent to sunflower sole crops (Fig. 5) .
Cropping sunflower in these conditions was nicely compatible with a significant and strong reduction of chemical inputs, without any significant decrease of yield, neither in the oil concentration of grains (and then of oil content per hectare) (Tab. 3). It can be highlighted that the insertion of cover crops in the cropping system did not reduce the yield of sunflower, and even led to the best mean yield for the TBI_CIMS prototype, indicating that the combination of adapted technical practices and the use of variety mixtures was efficient to support a good level of sunflower yield in the rainfed conditions of southwestern farming systems (Fig. 6) .
The weakest economic return was obtained when intercropping sunflower with soybean (AE) due to higher costs for mechanical weeding and double harvest. However, the semi-net margin of sunflower remained pretty good and not significantly lower for the BI and TBI prototypes, but was less variable according to years. On the other hand, the semi-net margin was strongly reduced when introducing cover crops Topical Issue prior to sunflower, due to the operating costs for seeds and sowing not compensated by a significant increase in sunflower yield or oil content ( Fig. 6 ; Tab. 3).
Our results confirmed that sunflower could be cropped in low-input and agroecological cropping systems with good economic performances and by decreasing the environmental impacts due to the strong reduction of chemical inputs (pesticides and NP fertiliser), as shown by the half reduction of the treatment frequency index of pesticides (Fig. 6 ). This confirmed previous experimental results which emphasized sunflower as the most yield-conservative crop when reducing chemical inputs Debaeke et al., 2003; Nolot and Debaeke, 2003) .
Conclusions
Previous examples illustrated how agroecological principles could be also applied to sunflower crop to improve production in low-input conditions, and enhance the ecosystem services that the crop could deliver. However, in spite of these good features, sunflower crop is not widely adopted by farmers in France except in some traditional production basins (as southwestern France) where it is probably too frequently sown. The increasing environmental constraints on pesticides and water use and the climatic evolution should obviously increase its adoption except if sunflower profitability is judged too low as compared to other productions.
Agroecological practices could perhaps be a good opportunity for closing some technical gaps in sunflower production. For instance, the influence of landscape management and permanent soil covering on birds populations and consequently crop establishment needs to be investigated. More research is under way on that topics to explore innovative non-chemical solutions. Moreover, conservation agriculture should include more sunflower to diversify the crop rotation. The use of strip-till (limited to the sowing row) as a way to minimize soil tillage while not depressing plant emergence and root growth was reported as a promising option in sunflower (Lecomte and Longueval, 2013) .
More planned diversity could be introduced in the agrosystems where sunflower is frequently grown. Varietal mixtures widely attempted in cereals are an original option to explore in sunflower for increasing abiotic and biotic stress resilience. This was used in the Auzeville experiment as part of the crop management system (TBI) but it should be more thoroughly assessed in factorial experiments to identify the best varietal combinations especially for increasing the crop resilience to abiotic factors.
Intercropping sunflower with legumes (especially soybean) was tested in several countries including France. As sunflower has a rapid growth when N and water resources are fully available thus intercepting more radiation, the 2/4 row design should be preferred. It appears that this strip intercropping should be recommended particularly in lowinput and less fertile production situations. Sunflower could also be a component of agroforestry systems as was demonstrated in some other regions of the world (Panneerselvam and Arthanari, 2011; de Oliveira et al., 2012) .
The idea of agroecology is to go beyond the use of alternative practices and to develop agroecosystems with the minimal dependence on agrochemical and energy inputs, in which the ecological interactions and synergisms between biological components enhance soil fertility, crop protection and productivity (Altieri and Rosset, 1995) . Sunflower is well recognized as an environmental-friendly crop. In this paper, we demonstrated that the crop could be also a component of this agroecology-driven agriculture and that the ecosystem services it provides should be more recognized and emphasized. D304, Page 10 of 12 P. Debaeke et al.: OCL 2017, 24(3) , D304
